A numerical simulation of the initial stage of the flow of a superheated fluid into a closed volume of different sizes and different distances from the nozzle to the wall was carried out. It is shown that the distance to the wall significantly affects the structure of the gas-dynamic flow. It was revealed that the distance between the nozzle and the wall affects the time for the pressure and steam content to reach quasi-stationary values.
INTRODUCTION
The main way to increase the efficiency of steam power equipment is associated with a significant increase in the operating pressure and temperature. The operation of high-energy power plants increases the risks in emergency situations. Improving the level of safety is impossible without an understanding of the processes taking place both during regular operation and emergency situations. Therefore, when depressurizing tanks and pipelines of power plants filled with high-pressure heat-transfer fluid, superheated fluid is released with a sharp pressure drop in the area near the rupture (Reshetnikov et al., 2000; Hoffman et al., 1981) . In the initial phase of the pipeline depressurization process, a pressure drop and accelerated movement of the coolant occur, resulting in its explosive boiling up (Alekseev et al., 2016a) . The process of expiration of the boiling coolant is determined by the boiling rate of the coolant in the channel (Bolotnova and Buzina, 2014) . In Alekseev et al. (2014) , it was shown that the unsteady flow of boiling water and gas has a similar flow structure.
In Alekseev et al. (2015) , it was shown that the type of break (the method of opening the diaphragm) fundamentally affects the shape and amplitude of the compression and rarefaction waves. In Alekseev et al. (2016b) , it was shown that with an increase in the opening time, the amplitude of the compression wave significantly decreases, and the amplitude of the rarefaction wave can increase significantly.
With an increase in the operating pressure and temperature to supercritical states, the process of depressurization and outflow can cause both rapid evaporation and condensation . In this case, when approaching the critical point, the surface tension tends to zero, which in turn leads to a significant change in the outflow process. Thus, the size of the droplets into which the jet splits (Batenin et al., 2010 ) also tends to zero, which leads to a significant increase in the interfacial area, and accordingly an increase in mass flow during evaporation.
Since an expiring jet of boiling coolant generates compression waves and may affect other pieces of equipment, you must be able to evaluate this effect. There are many experimental studies (Ginzburg et al., 1970; Tawfek, 1996; Selezneva et al., 2002) of the stationary outflow of a jet of superheated steam and boiling coolant to a barrier under high pressure. Thus, for example, in Masuda et al. (1982) , the force of the impact of a jet of steam on an obstacle and the distribution of pressure on an obstacle along the radius were measured. initial parameter in the pipe 1 initial parameter in the external volume g gas f fluid s saturation superheated steam with steady flow of a gas jet was shown. An experimental study of the stationary flow of a boiling coolant from the pipe end to an obstacle on an industrial scale was carried out in Isozaki and Miyazono (1986) . In their experiments, the dependence of the axial pressure on the obstacle and the force acting on it at different distances from the end of the pipe for different thermophysical parameters of the coolant was investigated. It was shown that in the initial stage of the expiration of the boiling coolant (up to 0.2 s) the pressure on the target is higher relative to the values during the subsequent stationary outflow. The transition time from a single-phase state to a two-phase state is zero for the equilibrium model of phase transition. The real process of isentropic expansion takes place at a non-equilibrium phase transition, when the coolant is in a metastable state. For example, this can be described as applying a thermodynamical non-equilibrium twotemperature model of the movement of a steam-water mixture (Artemov et al., 2015) . When simulating evaporation under real conditions, it is necessary either to specify the parameters of the heterogeneous mechanism of bubble formation or use a different (phenomenological) approach. In particular, in Bolotnova and Buzina (2014) , the number of ready centers of vaporization with the addition of asymptotic models of bubble growth was set as an empirical parameter. Due to the use of only a bubble structure to describe a two-phase medium, this approach loses its adequacy with large volumetric steam content. The widely used empirical relaxation model (Downar-Zapolski et al., 1996) is based on the processing of stationary experiments on the expiration of boiling water. Currently, this model is widely used, and the latest computational studies are presented in Lyras (2018) , Lyras et al. (2017 Lyras et al. ( , 2018 , Baldwin et al. (2016) , Sinha et al. (2015) , Gopalakrishnan (2010) , and Furlong et al. (2010) . This model leads to non-physical asymptotic results (for example, an increase in the relaxation time when the system tends to be in equilibrium) . It also cannot be used for conditions under which steam condensation occurs.
The purpose of this work was to numerically study the unsteady process of the flow of superheated fluid from the pipeline into a closed area. In the course of the work, the influence of the size of a closed area filled with steam on the boiling and condensation of an outgoing jet was studied. Unlike the standard technological problem of condensation of a steam jet in a liquid Lo Frano et al., 2018) , in this work the condensation of steam during flow inhibition on a wall when it flows into a closed volume with steam was studied.
METHODS
This study considers the axisymmetric problem, the computational domain of which is shown in Fig. 1 . The closed external volume was simulated by setting a wall-type boundary condition at the external boundaries (designated as "a" in Fig. 1 ). No penetration, slip, and adiabatic conditions were imposed at the external walls. The uniform mesh consisted of 2 × 2 mm cells. The number of cells depended on the distance between the nozzle and walls: 21,875; 25,000; and 31,250 cells. Analysis of the influence of the cell size on the calculation results was carried out. It was found that when the cell size is halved less than the specified size, the change in the calculated parameters did not exceed 5%. A comparison was carried out at times up to 1000 µs.
Inside the region there was a pipe channel with internal radius r = 20 mm, external radius R = 24 mm, and length l = 150 mm. At the initial time inside the channel there was water with initial pressure P 0 = 15.5 MPa and temperature T 0 = 270 • C. In a closed region there was saturated steam at atmospheric pressure P 1 = 0.1013 MPa. At the inlet of the pipe channel there was the Cauchy-Lagrange condition, designated as k, which is described in detail in Hoffmann et al. (1981) . The Cauchy-Lagrange boundary condition was set for the inflow in the channel. The liquid flow out of the vessel was not one-dimensional. The inertia of the flow affected the flow rate and the structure of the pressure waves into the pipe. To take account for this effect, Hoffmann et al. (1981) proposed an equation for the fluid velocity, which was obtained using the Cauchy-Lagrange integral:
where D is the pipe diameter; p ∞ and ρ ∞ are the pressure and density of the fluid in the vessel, respectively; and p and v are the pressure and velocity in the inlet section, respectively. The physical model is described by a homogeneous model in one-velocity approximation with two temperatures and one pressure. The system of model equations includes the continuity and Euler equations in the axisymmetric approximation:
added with the addition of the interfacial mass transfer equation:
where z and r are the axial and radial coordinates, respectively; u and v are the axial and radial velocity components; ρ is the density; p is the pressure; E is the specific internal energy; X is the mass steam content; X s is the equilibrium mass steam content (at given p and E); θ is the relaxation time; and Γ = (X s − X)/θ is the steam generation rate. The system of equations (1)-(5) is closed by the equation of state (the connection p, E, ρ, and X). The density of the homogenous two-phase mixture is expressed through the density of the phases and the mass vapor content:
and the specific enthalpy is determined by the following ratio:
Calculation of the steam and water properties was carried out using the TTSE software package (International Association for the Properties of Water and Steam, 2003) . The properties of water and steam were calculated based on the IAPWS-95 formulation. The properties, presented in the form of tables, and the values between the data were calculated using the Taylor series.
The description of the phase transition requires the use of the model based on processing the experimental data on the relaxation (transition) time non-equilibrium-equilibrium boiling (Downar-Zapolski et al., 1996) , the thermodynamical equilibrium model, and the analytical relaxation model proposed in Lezhnin et al. (2018) , which is based on the analysis of interfacial heat fluxes of steam-superheated liquid. The model is based on solving the thermal problem in superheated water droplets. To use a non-equilibrium model, both in evaporation and condensation, the equation of state of the two-phase medium [p = F (ρ, E, X)] was significantly modified in the case of the possible existence of supercooled steam in the mixture. When calculating the thermodynamical equilibrium approximation (short relaxation times), it was assumed that X = X s (p), and the equation of state assumed the form of p = F (ρ, E). The problem is solved using the computational complex LCPFCT (Boris et al., 1993) . The complex is based on a monotonous difference conservative method of flux correction.
RESULTS
Consider the mass vapor quality field X and velocity field V mag at different times for different distances from the end of the pipe channel to the end of the external wall (Figs. 2-4) . The fields are represented at different times (100, 250, 500, and 1000 µs) for distances from the wall to the nozzle (50, 100, and 200 mm). Thus, for a distance to the nozzle, the gas-dynamic structure (Mach disc, intercepting shock, and reflected shock) is formed to a closed quasi-stationary structure already at 250 µs. The Mach disc is located near the wall of the outer closed area. For a 100-mm distance, the gas-dynamic structure is formed at 500 µs. At a distance of 200 mm, the formation of a gas-dynamic structure occurs at 1000 µs.
The shape of the gas-dynamic structure (Mach disc, intercepting shock, and reflected shock) varies from a flat pancake (50 mm) to close to spherical (200 mm) shape. The process of phase transition significantly changes the pattern of the gas-dynamic shocks. Thus, for a distance of 200 mm from the channel to the wall (Fig. 4, V mag ,  1000 µs) the Mach disc and intercepting shock degenerate to a spherical shape, unlike the barrel-shaped form for the outflow of superheated steam (Masuda et al., 1982) . Because of this, in the region near the wall a stagnant region is realized where condensation of vapor does not occur (Fig. 4, X, 1000 µs) . Reducing the distance to 100 mm (Fig. 3 , V mag , 1000 µs) leads to the formation of elevated pressure near the wall limited by the Mach disc and reflected shocks closed on the wall. The structure of side shocks with a Mach disc degenerates into a conical shape. The mass steam content almost does not change when passing through the Mach disc and reflected shocks (Fig. 3, X, 1000 µs) . For a distance of 50 mm in the space near the wall, which is bound by the Mach disc and reflected shocks (Fig. 2, X,  1000 µs) , a condensation region is formed. The highest condensation rate is observed near the axis. Figures 5-7 show the axial profiles of the mass steam content, pressure, and temperature at different points in time and different distances from the end wall of the outer area to the edge of the pipe channel. The distances to the wall were 50, 100, and 200 mm, respectively. At a distance of 200 mm to the wall in a closed area, a compression wave is generated that moves toward the wall [ Fig. 7(a) ], causing a condensation wave [ Fig. 7(b) ]. When a compression wave is reflected, a pressure profile is formed [ Fig. 7(a) , line 5] (t = 1000 µs), where a reduced pressure area is FIG. 2: The mass steam quality field (X) and velocity modulus field (Vmag) at different times for the distance from the wall to the nozzle (50 mm) realized when the jet expands and abruptly goes to an increased pressure area near the wall. In this region, the mass steam content [ Fig. 7(b) , line 5] is close to 1 and the pressure is ∼ 0.15 MPa. When reducing the distance to 100 mm to the wall, the initial front of pressure and condensation (Fig. 6) , as in the previous case, spreads to the wall. Next, a region of reduced pressure is formed during expansion of the jet with a region of increased pressure near the wall [Fig. 6(a) , line 5] (t = 1000 µs). The pressure near the wall rises to ∼ 0.4 MPa, while the mass vapor content does not change when passing through the pressure shock [ Fig. 6(b) , line 5]. Reducing the distance to 50 mm leads to the compression wave, together with the condensation front, quickly being reflected from the wall, which forms a Fig. 5(b) , line 3], and the pressure and temperature increase (the temperature corresponds to the saturation temperature). Furthermore, in the region near the wall [ Fig. 5(a) , line 5], at time t = 1000 µs, the pressure shock increases from 0.4 to 1.05 MPa, and the mass vapor content decreases from 0.3 to 0.18 [ Fig. 5(b) , line 5]. Figures 8-10 show the dynamics of the pressure and mass steam content at various points on the axis of symmetry for different distances from the nozzle to the wall. In all of the graphs, it is easy to see the propagation time of the compression wave to the measurement point and the subsequent drop in pressure. Based on the data in Fig. 10, the  FIG. 4 : Mass steam quality field (X) and velocity modulus field (Vmag) at different times for the distance from the wall to the nozzles (200 mm) velocity of the propagation of the compression wave is ∼ 1.41 M (calculated by the speed of sound equal to 471 m/s). As can be seen in Figs. 8 and 9 (which correspond to distances from the nozzle to the wall of 50 and 100 mm, respectively), the output to quasi-stationary values of pressure and steam content is characteristic. As was shown, a decrease in the distance between the wall and the nozzle leads to a reduction in the time of the flow at a quasistationary state. The exit time in the quasi-stationary condition is 300 µs for a distance of 50 mm and 600 µs for a distance of 100 mm. For the case of 200 mm, the pressure and steam content at points 1, 2, and 4 reach a stationary value, and at point 3 there are pulsations of pressure and steam content. 
CONCLUSIONS
In this work, a numerical simulation of the flow of superheated fluid into a closed region of different sizes with a variable distance from the nozzle to the wall was performed. The simulation was carried out based on a homogeneous one-velocity model. The distributions of pressure, velocity, and steam content over the computational domain were obtained. It was shown that the distance to the wall significantly affects both the gas-dynamic structure of the flow and the distributions of the pressure, velocity, and steam content. In particular, deformation of the Mach disc was observed depending on the distance between the nozzle and the wall. When the distance from the wall to the nozzle was less than 200 mm, the Mach disc deformed and the flow structure changed. In addition, quasi-stationary flow was achieved at different intervals depending on the distance to the wall. Thus, for a distance of 50 mm, the time to reach a quasi-stationary flow was 300 µs, for 100 mm it was 600 µs, and for 200 mm quasi-stationary flow was not settled at 1000 µs.
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